Purpose: KRAS mutations and tumor location have been associated with response to targeted therapy among patients with stage IV colorectal cancer (CRC) in various trials. This study performed the first population-based examination of associations between KRAS mutations, tumor location, and survival, and assessed factors associated with documented KRAS testing. Methods: Patients with stage IV adenocarcinoma of the colon/rectum diagnosed from 2010 to 2013 were extracted from SEER data. Analyses of patient characteristics, KRAS testing, and tumor location were conducted using logistic regression. Cox proportional hazards models assessed relationships between KRAS mutations, tumor location, and risk of all-cause death. Results: Of 22,542 patients, 30% received KRAS testing, and 44% of these had mutations. Those tested tended to be younger, married, and metropolitan area residents, and have private insurance or Medicare. Rates of KRAS testing also varied by registry (range, 20%-46%). Patients with right-sided colon cancer (vs left-sided) tended to be older, female, and black; have mucinous, KRAS-mutant tumors; and have a greater risk of death (hazard ratio [HR], 1.27; 95% CI, 1.22-1.32). KRAS mutations were not associated with greater risk of death in the overall population; however, they were associated with greater risk of death among patients with left-sided colon cancer (HR, 1.19; 95% CI, 1.05-1.33). Conclusions: This large population-based study showed that among patients initially diagnosed with stage IV CRC, right-sided colon cancer was associated with greater risk of death compared with left-sided cancer, and KRAS mutations were only associated with risk of death in left-sided colon cancer. An unexpected finding was that among patients with stage IV disease, right-sided cancer was more commonly seen in black patients versus whites. Future studies should further explore these associations and determine the role of biology versus treatment differences. In addition, use of KRAS testing is increasing, but there is wide geographic variation wherein disparities related to insurance coverage and rurality may warrant further study. J Natl Compr Canc Netw 2017;15(12):1484-1493 doi: 10.6004/jnccn.2017 Approximately 134,490 patients with colorectal cancer (CRC) were diagnosed in the United States in 2016. 1 Of those, 21% had stage IV disease, with a 5-year relative survival of only 13.5%.
Approximately 134,490 patients with colorectal cancer (CRC) were diagnosed in the United States in 2016. 1 Of those, 21% had stage IV disease, with a 5-year relative survival of only 13.5%. 2 Although a small proportion of these patients can be cured with surgery and neoadjuvant or adjuvant treatments, identifiers: NCT00113763, NCT00113776). [3] [4] [5] [6] [7] [8] [9] In 2009, NCCN recommended KRAS testing for patients with stage IV CRC at the time of diagnosis, and that only patients with tumors harboring the wild-type KRAS gene (KRAS-WT) be treated with anti-EGFR therapy. 10 Subsequently, KRAS testing was included as a CRC site-specific factor (SSF 9) to be collected by NCI SEER registries, beginning with patients diagnosed in 2010, as part of the Collaborative Stage (CS) Data Collection System, version 2.
In our previous study of the SEER KRAS variable, 11 only 23% of patients diagnosed in 2010 with stage IV CRC were KRAS tested, and there was variation in testing rates among registries. Of those tested, no survival differences were seen between the 40% of patients with KRAS-mutant tumors and the 60% of those with KRAS-WT tumors. This was unexpected because patients with KRAS-WT tumors could receive anti-EGFR to lengthen survival, but only 1 year of follow-up was assessed.
Recent studies suggest KRAS mutation status is not the only factor that should be considered when selecting chemotherapeutic interventions in stage IV CRC. CRC is a molecularly heterogeneous entity, resulting in differing mechanisms of carcinogenesis between sporadic right-sided colon cancers and left-sided colon cancers. 12, 13 It has previously been shown that right-sided cancer is associated with older age (≥75 years), female sex, larger tumor size, higher tumor grade, 14 and more frequent mucinous subtypes, 15 as well as microsatellite instability (MSI), 16, 17 BRAF mutation, 18, 19 EGFR expression, 20 KRAS mutation, 20, 21 and PIK3CA (Phosphatidylinositol 3 kinase, catalytic, alpha polypeptide) mutation. 22 They are also more frequently associated with advanced disease, poorly differentiated tumors, and mucinous histology compared with left-sided cancers. 18 Left-sided cancers demonstrate increased expression of EGFR and higher frequency of chromosomal instability. 18, 23, 24 Clinical outcomes based on tumor location alone have been debated, although many trials have shown KRAS-WT left-sided cancers may have better overall and progression-free survival and an improved response to anti-EGFR therapy compared with right-sided cancers. Two trials have demonstrated that patients with KRAS-WT left-sided cancers survived longer if their treatment included cetuximab, whereas those with KRAS-WT right-sided cancers survived longer if their treatment included bevacizumab (antibody against VEGF-A) (ClinicalTrials.gov identifier: NCT00265850). 25 In light of these recent studies highlighting the importance of sidedness on survival, our primary objective was to examine both KRAS status and sidedness in patients with stage IV CRC using population-based SEER data. Our second objective was to assess trends and factors associated with KRAS testing captured by SEER registries.
Methods

Patients
SEER*Stat version 8.3.2 was used to extract microscopically confirmed stage IV adenocarcinomas of the colon or rectum diagnosed in 2010-2013 from SEER registries with at least 100 patients with CRC. 26 These registries included California, Georgia, Connecticut, Detroit, Hawaii, Iowa, New Mexico, Seattle-Puget Sound, Utah, Kentucky, Louisiana, and New Jersey. Patients were excluded if diagnosed on autopsy or death certificate only and had a nonspecific ICD-O-3 site code (ie, colon, not otherwise specified [NOS] ). Access to SSF 9 (KRAS status) was granted by the NCI. SEER guidelines for coding SSF 9 stated that registrars should use all information gathered through completion of surgery in the first course of treatment, or all information available within 4 months of the diagnosis date in the absence of disease progression, whichever is longer. 27 The Human Subjects Office did not consider this study to be human subjects' research.
Study Variables
Outcome variables included documentation of KRAS testing, KRAS results, and survival as of December 31, 2013. Testing was considered performed if SSF 9 contained values of "abnormal (mutated)" or "normal (wild-type)"; otherwise KRAS testing was considered not performed if SSF 9 values contained "test ordered, results not in chart," "not done," or "unknown."
Patient demographic variables at time of diagnosis included age, registry, sex, race/ethnicity, diagnosis year, insurance status, marital status, and residence in metropolitan versus nonmetropolitan/rural area. Tumor characteristics included location (rightsided = cecum, ascending colon, hepatic flexure, transverse; vs left-sided = splenic flexure, descending colon, sigmoid, rectosigmoid junction); histology (adenocarcinoma vs mucinous adenocarcinoma); grade; T, N, and M stages, which was further broken down by metastatic site when sample size allowed; and single cancer versus multiple cancers (separate primary cancer before, during, or after diagnosis of stage IV CRC). Treatment variables included surgery and radiation therapy (yes/no).
Statistical Analysis
Logistic regression was used to determine characteristics associated with receipt of KRAS testing and with right-sided cancer (vs left). All variables listed previously were considered for inclusion in the KRAS testing model, and age, sex, race, diagnosis year, grade, TNM stage, and single versus multiple cancers were considered for inclusion into the right-sided CRC model because of their potential plausible relationship to tumor sidedness. Four Cox proportional hazards models were constructed to evaluate associations between KRAS testing, tumor location, and survival while controlling for patient, tumor, and treatment characteristics: (1) patients with CRC regardless of KRAS testing status or tumor site (left vs right vs rectum); (2) patients with CRC who received KRAS testing; (3) patients with left-sided cancer who received KRAS testing; and (4) patients with right-sided cancer who received KRAS testing. Only patients diagnosed in 2010-2012 were included in survival analyses to allow for sufficient follow-up. The following variables were included in all survival models regardless of significance: KRAS results, age, race, diagnosis year, insurance, marital status, stage group, T stage, N stage, and M stage/metastatic sites. Analyses were conducted using SAS 9.4 (SAS Institute, Cary, NC).
Results
There were 27,231 patients with stage IV CRC identified and 22,542 (83%) met inclusion criteria (2,598 were excluded because tumor site was nonspecific; 29 were death certificate-only; 1,272 were not microscopically confirmed; 731 had nonadenocarcinoma histology; and 59 were from Alaska). The overall KRAS testing rate was 30% (Table 1) . Of the 6,794 tested, 44% were KRAS-mutant and 56% were KRAS-WT. Table 2) .
KRAS Testing
KRAS testing variation by registry and diagnosis year were examined and results are provided in Figure 1 . Rates increased each year among most registries; Connecticut experienced the largest increase (103%), with 23% tested in 2010 and 46% in 2013, followed by Iowa (95%), with 21% tested in 2010 and 41% in 2013. A few registries showed some decreases in testing between years, including Utah, Hawaii, and Kentucky. 
Sidedness
Rectal cancers were excluded from sidedness analyses, leaving 18,060 patients with colon cancer: 49% with left-sided and 51% with right-sided. Of those KRAS-tested, 37% of patients with left-sided cancer were KRAS-mutant compared with 52% of those with right-sided. Table 3 displays data in a manner analogous to Table 2 by right-versus left-sided, in which the dependent variable was right-sided cancer and the independent variables included patient and tumor characteristics in Table 3 . The proportions of those with right-sided cancer most substantially varied by age (31% of those <30 years vs 64% of ≥80 years), histology (64% mucinous vs 49% nonmucinous), grade (47% well-differentiated vs 63% undifferentiated), and radiation (32% yes vs 52% no). In the logistic model, variables associated with rightsided cancer were older age, female sex, black race, mucinous histology, poorly or undifferentiated grade, N stage ≥N1a, metastasis to other single site (not liver, lung, bone, or brain) or to multiple organs, and history of multiple cancers (Table 3) .
Survival
A total of 16,952 patients with CRC were diagnosed in 2010-2012 and were included in survival analyses.
Of those, 46% (n=7,743) died within 12 months of diagnosis, 50% (n=8,438) survived >12 months, and 5% (n=771) had <12 months of follow-up but were last known to be alive. KRAS testing rates across these groups differed significantly: 21% versus 35% versus 33%, respectively (P<.0001). The proportion of right-sided cancer across groups also differed significantly: 57% versus 44% versus 51%, respectively (P<.0001). Among all 16,952 patients with CRC, Cox models showed the following variables were associated with increased hazard of death: older age; male sex; black race; earlier diagnosis year; Medicaid or no insurance; single, divorced, or widowed; poorly or undifferentiated grade; T stage ≥T4a or unknown; N stage ≥N1a or unknown; metastasis to bone or brain only, multiple organs, or NOS; no surgery; no radiation; and no KRAS testing ( Cox models were run on the subset of patients who had KRAS testing (n=4,854), and similar relationships emerged as in the model with the 16,952 patients. KRAS mutations were not associated with risk of death, whereas right-sided cancer was associated with a greater risk of death compared with leftsided and rectal cancer (Table 4) . However, when separate models were run for the 2,064 patients with left-sided and the 1,930 patients with rightsided cancer, having a KRAS mutation was associated with greater risk of death among those with left-sided cancer (HR, 1.18; 95% CI, 1.05-1.33) but not right-sided (HR, 0.93; 95% CI, 0.83-1.03). In both left-and right-sided models, advanced age (≥80 years), single/never married, higher grade, T stage ≥4a, M stage 1b, and no surgical treatment were associated with increased hazard of death (Table 5). For right-sided only, those diagnosed in earlier years had a greater risk of death; for left-sided only, black race, Medicaid or no insurance, widowed, unknown N stage, and metastases NOS were associated with a greater risk of death.
Discussion
Despite NCCN recommending all patients with stage IV CRC be tested for KRAS mutations at time of diagnosis, only 30% of patients diagnosed in 2010-2013 were tested according to SEER data. Overall testing rates increased from 25% in 2010 to 35% in 2013, and there was variation by registry, However, the current analysis also showed that those with private insurance or Medicare were more likely to receive testing than those with Medicaid or no insurance. Given the high cost of anti-EGFR therapy-approximately $25,000 USD for an 8-week cycle-there may be disparities in who is offered KRAS testing based on ability to pay for anti-EGFR therapy. 28 Patients recorded as not having KRAS testing had a greater risk of death after controlling for other factors. This could potentially reflect that those tested received higher-quality care and/or were offered EGFR inhibitors, which extended their lives. It is also possible oncologists were less likely to recommend KRAS testing for patients with a poor prognosis, or patients with a poor prognosis may have declined to receive targeted therapy and therefore were not tested.
Among those who received KRAS testing according to SEER data, KRAS mutations occurred more frequently in patients with right-sided cancer, which is consistent with previous findings. 22, 29 Similar to an evaluation of European clinical trial patients by Missiaglia et al, 18 we found that right-sided cancer was significantly associated with poorly differentiated tumors of mucinous histology penetrating to the surface of the visceral peritoneum or beyond (≥T4a), lymph node metastasis (≥N1a), and metastasis to >1 organ/site or the peritoneum (stage IVB). In addition, among those diagnosed with stage IV colon cancer, blacks were more likely to have rightsided cancer. Other studies examining all stages of colon cancer have detected an association between black race and right-sided cancer. 30, 31 In Cox models including patients with left-or right-sided cancers, right-sided cancer was associated with greater risk of death after controlling for patient/tumor characteristics, which is consistent with findings from a recent meta-analysis. 32 One possible explanation is that right-sided cancer is associated with increased BRAF mutations, which are associated with worse prognosis and poorer response to cetuximab. 33 BRAF mutation status was not available in SEER data, so we were unable to explore this as Bolded values represent adjusted odds ratios that were statistically significant (ie, 95% CI did not contain 1.00). Abbreviations: CRC, colorectal cancer; HR, hazard ratio; NOS, not otherwise specified; NS, nonsignificant. a HRs were determined using manual backward selection to retain only those variables significant at P<.05, except the following variables which were forced into each model: KRAS results, age, race, diagnosis year, insurance, marital status, T stage, N stage, and M stage/metastatic sites. b Due to small numbers, metastatic sites were not included in the KRAS-tested patients-only model; overall M stage was used.
a potential driver of poorer survival among patients with right-sided cancer.
In the overall survival analysis of patients who received KRAS testing, we did not find a survival advantage for those with KRAS-WT tumors compared with KRAS-mutant tumors. We did, however, find a survival advantage for KRAS-WT tumors within the population of patients with left-sided tumors. One explanation for not finding a survival advantage in the overall study population (not stratified by tumor location) may be that EGFR inhibitors are only effective in left-sided tumors and not right-sided tumors. This explanation is supported by a retrospective analysis by Venook et al 34 of the ongoing phase III CALGB/SWOG 80405 trial (ClinicalTrials.gov identifier: NCT00265850), 35 which found that among patients who received cetuximab, those with left-sided tumors survived 37.5 months compared with 16.4 months among those with right-sided tumors. Furthermore, they found among those with right-sided tumors, treatment with bevacizumab was associated with longer survival compared with cetuximab (24.5 vs 16.4 months); conversely, among patients with left-sided tumors, treatment with cetuximab was associated with longer survival compared with bevacizumab (37.5 vs 32.1 months). Our results are consistent with the Venook study findings and support the concept that patients with left-sided KRAS-WT primary tumors are more likely to benefit from anti-EGFR targeted therapy, and therefore will have better outcomes than those with left-sided KRAS-mutant primary tumors. In addition, our results suggest that patients with right-sided KRAS-WT primary tumors do not benefit from anti-EGFR targeted therapy, consistent with previous research, 22, 36 and therefore their outcomes will not be better than those with rightsided KRAS-mutant primary tumors. This may be due to more frequent active signaling via the EGFR pathway in left-sided compared with right-sided cancers, which may in turn make left-sided cancer more responsive to anti-EGFR therapy. 18, 37 Further, as previously mentioned, patients with right-sided tumors likely had more BRAF mutations, which are more resistant to anti-EG-FR therapy. [38] [39] [40] In contrast to anti-EGFR therapy, the effect of bevacizumab has been shown to be independent of tumor location. 41 The nearly significant HR for KRAS-mutant right-sided tumors was 0.92 (95% CI, 0.83-1.03) compared with KRAS-WT right-sided tumors, which could potentially suggest worse survival for those who received cetuximab instead of bevacizumab. This could explain why models containing patients with right-and left-sided tumors did not show a significant survival advantage associated with KRAS-WT status, and highlights the importance of stratification by tumor location.
Our study has several limitations. As previously mentioned, we did not have information about BRAF mutations. Also, the SEER program does not release data on chemotherapy in the public use data set due to concerns about the completeness of this information, and we cannot assume that all patients who received KRAS testing with a WT result received anti-EGFR therapy. As recommended by NCCN, KRAS testing may have occurred at time of diagnosis for planning purposes, 42, 43 but then traditional chemotherapy may have still been given as the first line of treatment due to physician or patient preference, or due to financial barriers associated with the very high cost of anti-EGFR therapy.
In addition, the KRAS variable is still relatively new, and increasing testing rates may be driven in part by more complete capture of KRAS information by registrars as they gain more experience in collecting this variable. Furthermore, a quality control study of the KRAS variable in Iowa and Louisiana patients found that coding guidelines were being applied somewhat inconsistently re-lated to timing of the testing. Some included instances of KRAS testing occurring several months postdiagnosis in determining second-course treatment, whereas others only counted testing within the first 4 months postdiagnosis per coding guidelines. 42 Further, the primary source of information for cancer registries is hospital records. Given that KRAS mutation analysis is a referral test in most institutions and often ordered by oncologists, some test results may only be available in physician office records and not always available to registrars. 6 Although these data issues may have some impact on the accuracy of the KRAS data, there is currently no other population-based source that can provide a more accurate assessment of KRAS testing across the nation.
Despite its limitations, this study has important strengths. We were able to assess KRAS testing rates across patient, tumor, and treatment characteristics, and examine relationships between KRAS status, sidedness, and survival using population-based data that avoided the selection bias inherent in the clinical trial setting. The SEER population includes an estimated 28% of cancers in the United States.
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Conclusions
Our results have several implications for future research. First, examining health disparities related to KRAS testing and subsequent treatment with anti-EGFR therapy with respect to race, insurance status, and rurality is warranted. Similarly, exploring associations between right-sided cancer and black race among patients with stage IV cancer is critical given the poorer prognosis associated with right-sided cancer. Additionally, assessing other variables that could alter prognosis, such as MSI and BRAF, is important, but difficult to do on a population basis, because MSI and BRAF are not required elements for SEER registries. Through better understanding how sidedness and molecular characteristics of right-versus leftsided tumors affect response to therapy, patient response to treatment can be enhanced. Clinical trials in stage IV CRC should incorporate as much information as possible regarding tumor sidedness and various molecular tumor markers in order to determine optimal targeted therapy regimens.
